ABSTRACT This study was conducted to evaluate limestone particle size (LPS) in 2 strains of laying hens housed in conventional cages or aviaries on bone integrity. Lohmann Brown and Bovan White pullet chicks were started in equal numbers on the floor or in battery brooders and were intermingled throughout all subsequent housing systems. At 5 wk of age, 432 floor-raised pullets were moved to 8 aviary cages. At 10 wk, 256 battery-raised pullets were transferred to 64 conventional layer cages. Pullets were given diets containing fine (LPS-FINE, 0.431 mm) or a blend of fine and coarse (LPS-BLEND, 0.879 mm) LPS from 7 to 17 weeks. Data were analyzed as a split plot factorial design with strain as subplot and with 4 replicates for each treatment combination. Body weight, feed intake, egg production, and eggshell breaking strength and percentage were measured. Tibia bone mineral density (BMD) was determined using a dual energy x-ray absorptiometry. Presence of keel indentations, curvatures, or fractures was recorded. LPS-BLEND increased BMD (0.215 vs. 0.208, P = 0.03) at 18 weeks. During the pullet phase, the odds of pullets fed LPS-FINE displaying keel curvatures were 2.8 times the odds of those fed LPS-BLEND (P = 0.04). At 54 wk, hens fed LPS-BLEND as pullets had lower odds of keel indentations (P = 0.02). Brown aviary hens fed LPS-BLEND as pullets had the lowest egg production compared to the rest of the treatment combinations (P = 0.004). Taken together, feeding LPS-BLEND to pullets improved bone mineralization at the onset of sexual maturity and reduced keel damage during the pullet and layer phases, regardless of strain; however, LPS-BLEND was associated with lower egg production in Brown hens housed in aviaries compared to all others.
INTRODUCTION
As there is increasing public awareness of animal welfare and increased legislation to protect animal wellbeing, the use of alternative housing systems for commercial egg layers is becoming more common. One of the major welfare issues facing the egg industry is the high incidence of keel fractures or deformities in alternative and cage housing systems. Bone fractures are not only welfare concerns but also can negatively affect egg production (Nasr et al., 2013) . In particular, keel fractures account for 90% of bone breaks in alternative housing systems at end of lay (Wilkins et al., 2004) .
Past studies to improve skeletal integrity have focused on manipulation of environment and nutrition during the layer phase; however, by this stage, it may C 2018 Poultry Science Association Inc. Received July 6, 2017. Accepted November 30, 2017. 1 Corresponding author: spurdum2@unl.edu be difficult to improve bone quality and reverse the onset of osteoporosis. Pullets reach their mature frame size by 12 wk of age, with subsequent formation of medullary bone that eventually constitutes up to 19% of total body ash (Kwakkel et al., 1993) . The modern pullet experiences low feed intake at the onset of lay and has the genetic potential to rise quickly to peak production; substantial body reserves at the onset of production are indispensable to achieve satisfactory hen performance.
Recent studies indicate that access to perches (Hester et al., 2013 ) and a slow lighting program (Hester et al., 2011) during the pullet phase are promising factors to improve bone integrity during the laying cycle. Several researchers have shown that perch material, diameter, and shapes of perches also can influence keel integrity of the laying hen (Tauson and Abrahamsson 1994; Struelens and Tuyttens, 2009; Stratmann et al., 2015) ; however, it is important to note that these factors have not been evaluated during the pullet phase. An elevated Ca: P ratio in pullet and pre-lay diets increased 1471 femur breaking strength at the end of the layer phase without affecting pullet BW gain or pullet feed efficiency in cage systems (Fosnaught, 2009) . Studies have indicated that a medium rather than a fine limestone particle size (LPS) had beneficial effects on calcium utilization in pullets and broilers. It was reported that a medium (0.9 mm), but not a fine (0.1 mm) LPS, included from 3 to 16 wk of age in pullets diets, increased tibia bone ash of caged pullets at the end of the pullet phase (Geraldo et al., 2004) and increased tibia calcium level at 30 wk of age (Geraldo et al., 2006) . Thus, there is some evidence that management practices and nutritional strategies during the pullet phase can have a positive carry-over effect during the lay cycle on bone integrity.
One of the nutritional strategies that has a major impact on calcium availability (Zhang and Coon, 1997 ) is LPS. LPS in starter broiler diets has been extensively evaluated in the past (McNaughton, 1981; Nys, 1991, Guinotte et al., 1995) ; however, because of the improvements in genetic selection towards high egg production and the widespread use of phytase in poultry diets, a reevaluation of LPS during the pullet rearing phase is needed. Zhang and Coon (1997) reported that LPS greater than 0.8 mm accumulates in the gizzard and produces a high in vivo solubility that could potentially increase Ca retention, while a larger LPS may slow down ionic Ca release into the gut, improving calcium absorption.
Variability in bone mineralization (Riczu et al, 2004 ) and susceptibility to bone breaks (Budgell and Silversides, 2004) are influenced by genetic factors. White Leghorn and Brown hens are the most used strains in the egg industry. These 2 strains have different body weight profiles, behaviors (Silversides et al., 2012) , and calcium metabolism characteristics (Franco-Jimenez and Beck 2007) . Thus, it is likely that bone quality might be also different. Therefore, the objective of this experiment was to evaluate the effects of 2 LPS: fine (0.4 mm) or a blend of fine and large LPS (0.9 mm), fed from 7 to 16 wk of age to White or Brown pullets raised in aviary or cage housing systems to evaluate performance, bone integrity, and eggshell quality until 54 wk of age.
MATERIALS AND METHODS

Birds and Husbandry
A split plot 2 × 2 × 2 factorial design was used, with housing system (aviary vs. cage system) and LPS (fine vs. blended) as the main plots, and strain (Lohmann Brown-Classic vs. Bovans White) as subplot. A total of 288 (144 Brown and 144 White) 1-day-old pullets was randomly placed in 24 brooder battery cages (12 pullets/cage, 567 cm 2 /bird) in a temperature-controlled room. At 5 wk of age, these birds were moved to 48 pullet-rearing cages (6 pullets/cage, 321 cm 2 /bird). At 10 wk of age, 256 of these birds (128 Brown and 128 White) were transferred to 64 layer cages (4 pullets/ cage, 510 cm 2 /bird) and remained there for the rest of the trial. Each pullet and layer cage provided one nipple drinker and a 20-cm-length feeder trough. To have a similar number of pullets in experimental units, 6 contiguous cages (6 hens/cage) from 7 to 9 wk of age and 8 contiguous cages (4 hens/cage) from 10 to 17 wk of age constituted an experimental unit or cage group. An empty cage was left between each cage group so that no cross feeding could take place.
At the same time, 688 1-day-old pullets (344 Brown and 344 White) were randomly assigned to 8 floor pens (86 pullets/floor pen, 598 cm 2 /bird; wood shavings) in a tunnel-ventilated room. At 5 wk of age, 432 of these birds (206 Brown and 206 White) were moved to 8 3-tier aviary units (54 pullets/aviary unit, 1,449 cm 2 /bird) (Natura 60, Big Dutchman, Calveslage, Germany) and remained there for the rest of the trial. Each aviary unit was furnished with 2 feeder troughs at the middle and lowest wire tier, providing 240 cm of feeder space; a communal roll-away nest lined with artificial turf at the top tier, and 6 and 2 nipples drinkers at the highest and lowest wire tiers, respectively; 10 perches at varying levels in the unit providing a total of 1,100 cm of perch length; and 3.38 m 2 wood shavings floor area. Aviary hens were given access to a wood shavings floor area starting at 14 wk of age through the end of the trial 24 h/day.
All conventional laying cages (CC) and all aviary units (AU) were located in the same room after 5 wk of age; each CC and each AU contained equal numbers of Brown and White birds. At 5 wk of age, all birds were tagged in the neck skin (Swift tack, Heartland Animal Health, Fair Play, MO) but were not beak trimmed. Pullet and layer cages and aviary units offered a sloping wire floor to facilitate roll out of eggs. Feed and water were provided on an ad libitum basis. Management and vaccination practices were the same for cage and aviary systems.
Pullets were given isocaloric and isonitrogenous experimental diets containing limestone as either fine (0.431 mm; LPS-FINE) or a blend (0.879 mm; LPS-BLEND) of fine and medium particles (ILC Resources, Weeping Water, NE) from 7 to 17 wk of age. Distributions of LPS are shown in Figure 1 . After 17 wk of age, all hens received the same diet throughout the rest of the study, with 40% of the limestone as fine (0.431 mm) and 60% from bone and shell builder (2.486 mm) (ILC Resources, Weeping Water, NE). Limestone particles were mixed at the feed mill into each diet along with other ingredients in a mash feed. Diet composition and calculated and analyzed total calcium and phosphorus of pullet and layer diets are shown in Table 1 . Calcium and phosphorus levels of diets were similar; however, they were slightly higher than formulated levels during the rearing phase. Pullet and layer diets were provided in mash form. Diets were formulated using the nutrient recommendations by Lohmann Brown and Bovan White Breeder Management Guidelines (2010 and 2008, respectively). As recommendations for each strain were slightly different, we used values close to the nutrient recommendation of the strain that have the highest nutrient requirement levels to avoid having one group of birds receiving fewer nutrients than what was recommended.
Half of the respective pullets from each aviary unit and each cage group were weighed on a biweekly basis until the end of the pullet phase, and monthly during the layer phase. Feed intake was calculated every 2 wk by weighing back remaining feed. One-day egg production was weighed at monthly intervals. Eggs were collected daily to obtain hen-day (HD) egg production from 17 to 52 wk of age. Egg production rate (%) included floor and nest eggs combined. For eggshell parameters, only nest eggs were utilized to avoid floor eggs with hairline cracks, (invisible to the eye). Egg mass was calculated by multiplying egg weight by HD egg production of the respective week. Because White and Brown birds were intermingled in each aviary or cage unit, feed conversion ratio (FCR) was calculated on a combined basis. During the pullet phase, FCR was calculated by dividing average daily feed intake by the average BW gain (BWG) of both strains combined. During the layer phase, FCR was calculated by dividing daily feed intake by average daily egg mass of Brown and White eggs. All procedures were approved by the University of Nebraska-Lincoln Institute of Animal Care and Use Committee.
Bone Measurements
A total of 176 pullets (7 Brown and 7 White pullets/aviary unit and 4 Brown and 4 White birds/cage group) at 13 and 18 wk of age and 144 randomly selected laying hens (6 Brown and 6 White hens/aviary unit and 3 Brown and 3 White hens/cage group) at 36 and 52 wk of age was randomly selected for bone analysis.
Non-anesthetized pullets were placed gently in a supine position on a foam device and restrained with Velcro straps around the neck area, the breast, including the wings, and the shanks for 12 min, while the right tibias, including fibulas, were scanned using a peripheral dual-emission x-ray absorptiometry (Norland Medical Systems, Fort Atkinson, WI, Model No. 476D014) to determine in vivo bone mineral density (BMD), bone mineral content (BMC), and bone area (Hester et al., 2004) . The same hens were scanned each time. Birds were individually weighed after the scan to use BW as a covariate in the data analysis.
At 16, 32, and 53 wk of age, 336 randomly selected birds (13 Brown and 13 White birds/aviary unit and 7 Brown and 7 White birds/cage group) were palpated to evaluate keel status. The palpation involved running 2 fingers down the side of the keel to identify twist (curvature), indentation (depressions with undefined edges), or fracture (sharp edges without palpable callus formation) (Clark et al., 2008) resulting in binary data for each keel bone damage as recommended by Casey-Trott et al. (2015) . The inspector for palpation was blinded to the bird's assigned treatment.
Eggshell Measurements
A total of 24 eggs (12 Brown and 12 White eggs) from each aviary unit and 14 eggs (7 Brown and 7 White eggs) from each cage group was evaluated for shell breaking strength every 5 wk using a Texture Analyzer (TA.XTPlus, Texture Technologies Corporation, Scarsdale, NY). Percent shell was expressed as a percentage of total initial egg weight and evaluated every 6 weeks.
Statistical Analysis
Data were analyzed using a split plot 2 × 2 × 2 factorial design with GLIMMIX procedure (SAS, Cary, NC). Repeated measures analysis was used for variables that were measured more than twice to determine changes over time. Statistical analysis of bone characteristics was conducted with BW as a covariate for data from each age. Housing system (aviary vs. cage system) and LPS (fine vs. blended) were the main plots, and strain (Brown vs. White) was the subplot. There was a total of 16 experimental units, 8 aviary units and 8 cage groups, resulting in a total of 4 replicates for each treatment combination.
For statistical analysis, feed intake and FCR were evaluated monthly and HD egg production was evaluated biweekly. Percent shell was subjected to arcsinesquare root transformation before statistical analysis. Incidence of each keel deformity or injury was analyzed using a binomial logistic regression analysis because this variable was a binary response of one of 2 possible outcomes-a specific keel issue or a normal keel bone without damage. This analysis resulted in the generation of odds and odds ratio (Szumilas, 2010) . Odds (o) is the probability (p) of having a specific keel issue over not having it (1 -p) under a specific treatment. While probabilities range from 0 to 1, o range from 0 to positive infinity. In the present study, null hypotheses were rejected, and means were separated using Fisher's LSD at P-value < 0.05; however, all P-values are provided in the text.
RESULTS
At the start of the feeding trial (7 wk of age), the BW of Brown caged pullets was greater than that of Brown floor-raised pullets (749 vs. 701 g; P < 0.0001), whereas the BW of White pullets was similar in cages and floor pens (632 vs. 620; P = 0.16).
Production Performance
Pullet Phase For White pullets fed LPS-BLEND, the AU systems resulted in higher BWG from 7 to 11 wk of age (P = 0.06, 8.9 vs. 8.0 g/d) but lower BWG from 11 to 13 wk of age (P = 0.02, 13.7 vs. 10.2 g/d). For Brown pullets fed LPS-FINE, BWG was higher in the AU systems than in CC from 7 to 11 wk of age (P = 0.04, 12.2 vs. 11.1 g/d). For the first half of the pullet period, Brown pullets had higher BWG than White pullets in all treatment combinations, with the exception of CC pullets fed LPS-BLEND. During the second half of the pullet period, Brown pullets had higher BWG than White pullets in CC fed LPS-BLEND (P = 0.004) from 13 to 15 wk of age or LPS fine (P = 0.01) from 15 to 17 wk of age. Strain was not included in the statistical analysis for feed intake or FCR, as White and Brown pullets were raised in the same pens. There was no interaction among LPS, housing system, and age for feed intake (P = 0.39). There was an interaction between housing system and age for feed intake (P < 0.0001) (Figure 2 ). Caged pullets had higher feed intake than AU pullets from 7 to 10 wk (P = 0.065, 59 vs. 57 g/d), 11 to 12 wk (P < 0.0001, 64 vs. 58 g/d), 13 to 14 wk (P < 0.0001, 68 vs. 60 g/d) but lower feed intake than AU pullets from 15 to 16 wk of age (P = 0.01, 65 vs. 68 g/d). There was an interaction (P = 0.05) between housing system and LPS for overall feed intake, indicating that CC pullets fed LPS-BLEND had the highest feed consumption (66 g) in comparison with both CC pullets fed LPS-FINE (62 g) and AU pullets fed either LPS. There was no interaction among strain, housing system, and age for FCR (P = 0.668), but there was an interaction between housing system and age (P = 0.05) (Figure 2) . Housing system did not affect FCR until the last period of the pullet rearing phase from 15 to 16 wk of age, when CC pullets had a lower FCR than AU pullets (P = 0.003; 11.3 vs. 8.0). There was no interaction between housing system and LPS for overall FCR (P = 0.26).
Layer Phase There was no interaction (P = 0.96) between LPS fed to pullets and hen age for HD egg production (Figure 3) . On the other hand, there were interactions between housing system (P = 0.0002) and strain (P < 0.0001) and hen age for HD egg production. Caged hens had greater HD egg production than AU hens throughout most of the study (Figure 3 ). White hens had higher HD egg production than Brown hens during most of the layer phase with the exception of a few time periods (Figure 3 ). There was an interaction (P = 0.004) of LPS, housing system, and strain on overall HD egg production ( Table 2) . Brown AU hens fed LPS-BLEND as pullets had the lowest HD egg production compared to the other treatment combinations. In every treatment combination, CC hens and White hens had higher overall HD egg production compared to their counterparts. Caged hens reached 5% of egg production at 20 wk, whereas aviary hens reached 5% at 21 wk of age.
There was no interaction between LPS fed to pullets and hen age on egg weight ( Figure 4 and Table 2 ). There was an interaction between age and housing system (P = 0.01) (Figure 4 ) for egg weight. From 23 to 35 wk of age, AU and CC hens laid eggs of almost the same weight. However, there was a major increase (P = 0.03) in egg weight in AU eggs from 35 to 38 wk of age, while the weight of CC eggs did not change from this period onward. Brown hens produced heavier eggs than White hens during most of the laying cycle. There was an interaction (P = 0.0001) among LPS in pullet diets, housing system, and strain on overall egg weight (Table 2) . For White hens, the LPS-BLEND increased egg weights in CC systems (P = 0.001) but reduced overall egg weights in AU systems (P = 0.01). In contrast, for Brown hens, LPS in pullet diets did not affect egg weight in AU (P = 0.38) or CC systems (P = 0.14). There was no effect of LPS, housing system, or their interaction on feed intake (P > 0.38) or FCR (P > 0.26).
Eggshell Measurements There was no interaction (P = 0.28) between LPS fed to pullets and hen age on eggshell weight (Table 2 ). There was a main (P = 0.05) effect of LPS, demonstrating that hens fed LPS-BLEND as pullets laid eggs with heavier shells than hens fed LPS-FINE (7.49 vs. 7.39 g). There was an interaction (P = 0.05) between housing system and strain on eggshell weight. While Brown eggs had heavier shells than White eggs in AU systems (7.65 vs. 7.53 g), Brown eggs had lighter shells than White eggs in CC systems (7.21 vs. 7.38 g). In addition, this interaction indicated that eggs from AU hens had heavier shells than eggs from CC hens, regardless of strain (Brown, P < 0.0001; White, P = 0.01).
There was no interaction (P = 0.20) between pullet LPS and hen age on percent shell (Table 2 ). There was a 3-way interaction (P = 0.02) among strain, LPS, and housing system, and percent shell was higher in Brown CC hens fed LPS-BLEND as pullets compared to those fed LPS-FINE. Aviary hens had higher percent shell than did CC hens in almost all treatment combinations (P < 0.001).
There was no effect (P = 0.80) of pullet LPS on overall eggshell breaking strength (Table 2) . Aviary hens produced eggs with stronger shells than those of CC hens (P = 0.003; 58.5 vs. 55.7 N). Eggshell strength in White eggs was consistently greater than that of Brown hens throughout the study (P < 0.0001; 59.2 vs. 55.0 N).
Bone Measurements
Pullet Phase An ANOVA with BW as a covariate was performed to evaluate tibia BMD, BMC, and bone area at 13 and 18 wk of age (Table 3 ). There was an interaction (P = 0.023) between housing system and strain at 13 wk of age. For 13-week-old Brown pullets, the use of AU increased BMD compared to the use of CC; however, for 13-week-old White pullets, housing system did not affect BMD.
The utilization of LPS-BLEND increased BMD (P = 0.034) without affecting BMC or bone area at 18 wk of age (Table 3) . Pullets raised in AU had greater BMD (P = 0.061) and area (P = 0.001) than pullets raised in CC at 18 wk of age. After BW adjustment, White pullets had higher BMD (P < .004) and BMC (P < .062) at 18 wk of age compared to Brown pullets.
Because there was no interaction (P = 0.98) among strain, housing system, and LPS on incidence of keel fractures, this interaction was removed from the statistical model (Table 4) . A trend (P = 0.073) between Table 3 . Limestone particle size fed to pullets, housing system, and strain effects on tibia bone mineral density 1 (BMD), bone mineral content 1 (BMC), and area 1 at 13 and 18 wk of age. housing system and LPS indicated that, in CC, the odds of keel fracture were 6.8 times greater in pullets fed LPS-FINE than in pullets fed LPS-BLEND. The interaction also indicated that, in AU, the odds of keel fracture were 12.3 times the odds of fracture in CC pullets fed LPS-BLEND (P = 0.037) but not when fed LPS-FINE (P = 0.56).
There was no interaction (P = 0.43) between housing system and LPS for incidence of keel indentation. A trend (P = 0.059) between strain and housing system indicated that the odds of keel indentation were 3.0 times greater in White than in Brown pullets in AU, but not in CC. In addition, for White (P = 0.049) but not for Brown (P = 0.46) pullets, the odds of keel indentation in AU were 2.7 times the odds of keel indentation in CC.
Regardless of strain and housing system, the use of LPS-BLEND resulted in lower odds of pullets having keel curvature than the use of LPS-FINE (0.14, CI = 0.08 to 0.25 vs. 0.05, CI = 0.02 to 0.11; P = 0.037). The odds of keel curvature in pullets fed LPS-FINE were 2.8 (CI = 1.07 to 7.3) times those in pullets fed LPS-BLEND. A strong trend (P = 0.069) between strain and housing system showed that the odds of keel curvature in White were 3.3 times the odds in Brown in AU but not in CC systems. This trend also indicated that the odds of keel curvature in AU were less than in CC for Brown but not for White pullets.
Layer Phase Body weight was used as a covariate for all bone characteristics at 36 and 52 wk of age, examining the same birds as during the pullet phase (Table 5) . There was no effect of pullet LPS on any bone characteristics (P > 0.10) at 32 wk of age. Aviary hens had higher BMD (P = 0.006), BMC (P < 0.0001), and area (P = 0.0002) than CC hens at 36 wk of age. Brown hens had higher BMC (P = 0.001) and area (P < 0.0001) than White hens, but BMD was similar at 36 wk (P = 0.12).
There was an interaction (P < 0.05) among pullet LPS, housing system, and strain on all bone characteristics at 52 wk of age (Table 5) . At 52 wk, within the group of White hens fed LPS-BLEND, hens had reduced BMD (P = 0.038), BMC (P = 0.013), and area (P = 0.0037) compared to LPS-FINE. At 52 wk of age, Brown AU hens fed LPS-BLEND as pullets had higher BMC compared to Brown CC hens fed LPS-BLEND as pullets (P = 0.06). Note that the Brown AU hens also had the lowest rate of egg production in this study (Table 3) .
At 52 wk of age, Brown hens had lower BMD than White hens only when they were fed LPS-BLEND as pullets and housed in AU systems (P = 0.02). At 52 wk of age, Brown hens had higher BMC than White hens when both had received LPS-BLEND as pullets and were housed in CC systems (P = 0.013) and when both had been fed LPS-FINE as pullets and were housed in AU systems (P = 0.067). At 52 wk of age, Brown hens had greater bone area than White hens in all treatment combinations (P < 0.001).
The incidences of keel bone fractures, indentations, and curvatures during the laying phase are shown in Table 6 . The interaction between LPS fed to pullets and Table 4 . Odds and odds ratios of strain and housing system interaction and housing system and limestone particle size fed pullets interaction for keel problems at 16 wk of age. strain tended to be significant (P = 0.06) on overall odds of hens having keel bone fractures. The overall odds of keel bone fractures in hens fed the fine limestone as pullets were 2.67 times the overall odds in hens fed the blended limestone as pullets for the White strain (P = 0.03) but not for the Brown strain (P = 0.66). The overall odds of White hens with keel bone fractures were 2.18 times the overall odds of Brown hens with keel bone fractures when fed fine (P = 0.07) but not blended limestone as pullets (P = 0.36). There was a main effect of housing system on the odds of having keel bone fractures (P = 0.007), keel bone indentations (P = 0.008), and keel bone with curvatures (P = 0.02), indicating that these occurred more often in aviary than in cage systems.
There was an interaction between particle size of limestone fed to pullets and age on keel bone indentations ( Figure 5 ). Lower odds of having keel bone indentations were apparent at 54 wk of age when hens had been fed blend limestone as pullets (P = 0.02), whereas there was no apparent effect at 32 wk of age. Also, it is evident that the odds of hens having keel bone indentations had a major increase from 32 to 54 wk of age, but the odds of hens having keel bone fractures (P = 0.88) and keel bone with curvatures (P = 0.74) remained relatively constant during this period.
DISCUSSION
The LPS-BLEND in pullet diets increased overall percent shell in eggs from Brown CC hens. Greater tibia BMD achieved by pullets fed the LPS-BLEND could indicate an enhanced medullary bone formation at the onset of sexual maturity, although this was not assessed in this study. Medullary bone is more heavily calcified than cortical bone and serves as a labile source of calcium to support eggshell formation (Hurwitz, 1964) .
Aviary hens produced heavier eggs with higher overall shell weights and percent shell than CC hens, and this in turn resulted in greater overall eggshell breaking strength. Similarly, Singh et al. (2009) and Vits et al. (2005) also found higher egg weights with hens housed in floor pens compared to hens in conventional cages. Tůmová et al. (2011) also reported that Bovan Brown hens housed in litter floor pens had higher eggshell strength than those in cages.
Improvement of BMD with use of LPS-BLEND was observed only at 18 wk of age, probably indicating that this dietary strategy might have affected medullary Table 5 . Main and interaction effect of limestone particle size fed to pullets, housing system, and strain on bone mineral density, content, and area at 36 and 52 wk of age.
Strain
Housing system 36 wk 52 wk bone formation. Our results were in accordance with Geraldo et al. (2004) who reported that pullets fed a medium limestone particle (0.899 mm) had higher tibia ash and calcium content than those fed a fine limestone (0.135 mm) at regular calcium levels at 16 wk of age. In the present experiment, pullets fed LPS-BLEND had lower incidence of keel curvature, and lower incidence of keel fractures only in CC systems. Improvement in mineral bone status caused by feeding LPS-BLEND during the pullet phase might have increased keel strength. Toscano et al. (2013) reported a negative relationship between peak load of the keel measured ex vivo and tibia BMD (-0.83). Wilkins et al. (2004) found a weak but significant negative relationship between prevalence of keel fractures and tibia strength (R = -0.23) for hens raised in alternative housing systems. The use of AU systems increased pullet tibia BMD at 13 wk of age in Brown pullets. At 18 wk of age, AU raised pullets had higher tibia bone area but lower BMD than CC pullets. It has been previously reported that increased activity such as perching (Enneking et al., 2012) enhanced bone mineralization during the pullet-rearing phase. The greater BMD measured at 18 wk of age in pullets housed in CC systems compared to pullets in aviary systems could be the result of earlier sexual maturation and subsequent medullary bone formation, as the CC pullets had an earlier onset of lay.
Aviary pullets had more severe keel problems and a higher incidence of keel indentations, especially in White pullets. This could be related to increased 3-D space and provision of perches. Interestingly, Brown CC pullets had a higher incidence of keel curvatures compared to Brown AU pullets. The presence of curved keels in Brown CC pullets might be related to the lower BMD at 13 wk in this group. Another possible explanation could be that higher BW of Brown CC pullets might have increased pressure on the keel while sitting compared to Brown AU pullets.
White pullets had higher tibia BMD and BMC than Brown pullets at 18 wk of age after adjustment for BW. Strain and BW are confounding factors, especially when White and Brown strains are compared, because they have been selected to have different BW profiles when raised in similar conditions. Silversides et al. (2012) and Bennett et al. (2007) also highlighted the careful consideration of BW on the BMD analysis, as BW is a major factor influencing BMD of load-bearing bones such as tibia.
In the present study, when values were not adjusted for BW, Brown pullets had higher BMD, BMC, and bone area compared to White pullets at 13 and 18 wk of age (data not shown), indicating that these observations were mainly related to differences in BW rather than strain effect by itself. Similar to these results, Neme et al. (2006) showed that Hy-line Brown pullets had higher ash deposition rate than Hy-Line W-36 White pullets from 4 to 18 wk of age. White pullets displayed a higher incidence of keel indentations and curvatures than Brown pullets in AU systems. These results could be related to the reduced BMD of White pullets. To our knowledge, the effect of layer strain on specific keel pathology has not been previously reported in cages or aviary units during the pullet phase.
Regardless of housing system and strain, the use of LPS-BLEND in pullet diets decreased incidence of keel indentations in hens at 54 wk of age. Regardless of hen age, the use of LPS-BLEND fed to pullets reduced overall incidence of keel fractures in White hens only. Thus, the use of LPS-BLEND (0.9 mm) rather than LPS-FINE (0.4 mm) in pullet diets has promising effects on keel integrity late in the lay cycle. The positive impacts of LPS-Blend might be due to a higher retention time in the gizzard, reducing intestine mineral competition and improving phytase activity (Zhang and Coon, 1997; Manangi and Coon, 2007) . Further studies of pullet LPS are needed for Brown hens raised in alternative housing systems. Feeding limestone blend during the pullet phase seems a promising nutritional strategy to improve bone mineralization and integrity during the lay cycle.
